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Microglia are prominent producers of
inflammatory cytokines during the
hyperacute phase of ischemic stroke
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Current treatments for ischemic stroke focus on removing neurovascular-occluding clots but overlook
the resulting neuroinflammation. Clinical trials targeting brain-infiltrating peripheral immune cells have
failed to improved outcomes, leaving mechanisms of neuroinflammation poorly understood. Whilst
many studies have examined the inflammatory cells and cytokine profile of the post-stroke brain at
days and weeks following injury onset, we propose that interventions at these timepoints are too late to
limit brain damage. In this study, we examined brain immune cell composition, cytokine levels, and
neurological dysfunction at hyperacute (3 h) and acute (24 h) stages following a preclinical mouse
model ofischemic stroke. Interestingly, we detected elevated inflammatory cytokines in brain tissue as
early as 3 h, notably before infiltrating neutrophil and monocyte arrival at 24 h. Depletion of peripheral
immune cells by antibodies or genetic alteration did not dampen neuroinflammation, nor improve
sensorimotor function. Intravital imaging of Cx3cr19*"* mice showed that microglia, the brain-resident
immune cell, display rapidly altered morphology, and swiftly upregulated cytokine production
hyperacutely post-stroke. Altogether, our study provides evidence that microglia are key drivers of
early neuroinflammation and modulating their function at clinically-relevant timepoints will improve

stroke recovery.

Occlusion of cerebral arteries during ischemic stroke starves the brain of
oxygen and nutrients, initiating a cascade of events that result in neuronal
cell death, neuroinflammation and brain damage'”. The existing ther-
apeutic strategy of ischemic stroke aims to remove the occlusive embolus or
clot and restore neurovascular perfusion®’, yet there remains no therapeutic
strategy that targets neuroinflammation to reduce its detrimental impact on
the “salvageable” penumbra surrounding the ischemic core®. Multiple stu-
dies have separately reported various types of peripheral immune cells
infiltrate the brain at days and weeks after stroke”®, however, the lack of
effective therapeutic is indicative of our limited understanding on the
development of neuroinflammation after ischemic stroke. To this end, we
propose that a characterization of the entire immune composition and
cytokine levels in the brain during the hyperacute stage of stroke onset
would provide insights into initiating the inflammatory response.

During homeostasis, entry of circulating materials into the brain is
regulated by the blood-brain barrier (BBB), a neurovascular unit composed
of endothelial cells, pericytes and astrocytes. However, BBB integrity is

disrupted in response to local trauma or infection-driven inflammation,
enabling both vascular solute permeability and cell trafficking’. Numerous
studies have reported that neutrophils infiltrate brain tissue in both patients
and experimental models of stroke'’""?, and their inflammatory activity has
been shown to be detrimental to the brain. In animal models of stroke,
neutrophils have been shown to accumulate in the perivascular space and
adjacent parenchyma within 12-24 h post-stroke, with more robust par-
enchymal infiltration typically evident at 1-3 days'*"". Monocyte-derived
macrophages tend to infiltrate more slowly, generally becoming prominent
after 48 h*". In humans, while imaging and CSF data suggest a similar
delayed infiltration, definitive timing remains difficult to resolve due to
variability in sampling'®. Therapeutic strategies to block peripheral myeloid
cell recruitment to the post-stroke brain reduced neuroinflammation in
mice'>"*". However, in clinical trials, interventions aimed at reducing
neutrophil infiltration in the reperfusion phase have thrice failed (EAST,
AUSTIN, and HALT trials)'*. In fact, studies have shown a necessity
for neutrophils infiltrating the brain to be phagocytosed by microglia, the
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brain-resident macrophage, to promote the resolution of inflammation™.
To our knowledge, the brain-immune composition in the hyperacute (<6 h)
phase has not been characterized. Similar to the acute (6-24 h) phase, we
expect the immune composition of the brain at these timepoints to be largely
dominated by microglia. Clearly, a greater understanding of neuroin-
flammation, specifically microglia function, in response to ischemic stroke is
required.

As the tissue-resident immune cell in the brain, microglia are widely
distributed and optimally positioned to detect and respond to brain
injury. At steady state, microglia are mostly ramified to facilitate tissue
surveillance, debris removal and neuronal pruning. They are highly
dynamic cells that display multivariant morphological, metabolic and
functional states in response to trauma®, capable of cytokine production
and secretion. Cytokines play a pivotal role in driving neuroinflamma-
tion after stroke, however, the source and timing of their production in
the post-stroke brain have been elusive. The aim of this study is to
examine the cytokine profile of the post-stroke brain during hyperacute
and acute phases of injury, and to investigate whether brain-infiltrating
immune cells or brain-resident cells are key producers of these cytokines.
This is a clinically relevant time point because it aligns with the accepted
“therapeutic window” for effective treatment via tissue plasminogen
activator. Intervention was originally approved based on the NINDS trial,
which showed the most efficacy if administered <3 h of stroke onset™.
Our study demonstrates that brain-infiltrating neutrophils and mono-
cytes do not contribute to the initiation of neuroinflammation after
ischemic stroke. In fact, a prominent inflammatory cytokine profile is
detected in the brain markedly before the arrival of these brain-
infiltrating myeloid cells. Our study provides evidence that microglia are
the key producers of the major inflammatory cytokines (TNF-a, IL-6,
and IL-1P) detected within the hyperacute phase of ischemic stroke, and
modulating their function at a clinically relevant time point may improve
stroke recovery.

Methodology

Mice

Adult male mice aged 7-10 weeks were used, and housed at a specific
pathogen-free animal facility within the Monash Health Translational
Precinct (MHTP-AF, Clayton, Australia). Conditions were maintained in a
temperature- and humidity-controlled environment in a 12 h light/dark
cycle, with access to food and water as required. Mice were acclimatized for
>7 days before use. Wild-type C57BL/6] mice were obtained from the
Monash Animal Research Platform (Clayton, Australia), whilst Cx3er 187+
mice were generated in-house by crossing Cx3cr 1% mice** with C57BL/6]
mice. Neutrophil-reporter (Catchup"™ ™) mice’, and CCR2-deficient mice
(Ccr2™) were also used™. All procedures were performed in accordance
with Australian law (Victorian Prevention of Cruelty to Animals Act 1986)
and were approved by the Monash Medical Center Animal Ethics Com-
mittee (MMCB/2021/32).

Stroke model
Photothrombotic (PT) strokes were performed as previously described”,
under aseptic conditions. In brief, mice were intraperitoneally (IP) injected
with rose bengal (20 mg/kg; Merck; Supplemental Table 1), before anes-
thesia induction by isoflurane (2-3%). Mice were positioned into a digital
stereotactic frame (Stoelting Co.), fur on the head was removed, and a 1 cm
incision was made over the parietal plane to expose the skull. 10 min post-
rose bengal injection, a 1500 pm-diameter fiber optic cable was positioned
over the sensorimotor cortex (2 mm right, 1 mm posterior of bregma)* and
the area was illuminated with a 532 nm cold laser (ThorLabs) for 15 min.
After illumination, the wound was closed with surgical suture, and the mice
were removed from isoflurane to quickly regain consciousness. Mice were
allowed to recover on a heat pad. Sham mice were treated in an identical
manner, but with no illumination.

VASCULAR INTEGRITY was determined at intervals post-stroke.
Mice were anesthetized IP with a solution of ketamine (150 mg/kg) and

xylazine (10 mg/kg), before an intravenous injection with Evans blue dye
(80 mg/kg; Merck) or Dextran (70 kDa)—Rhodamine B (20 mg/kg; Invi-
trogen). The dye or dextran was allowed to circulate for 10 min before mice
were perfused transcardially with ice-cold phosphate buffered saline (PBS).
For vascular integrity visualization (Evans blue), the brain was removed
from the skull, sectioned coronally at 2 mm, and images were captured using
a Canon PowerShot SX730 HS mounted above a light box with Evans blue-
positive tissue quantified using Image]J v2.14. For volumetric quantification
(70kDa dextran), infarcted brain tissue was snap-frozen, before homo-
genization in 1 ml radioimmunoprecipitation buffer (#89900 Thermo-
Fisher) in an “M-tube” (#130-093-236 Miltenyi Biotech) using a
GentleMACS Octo Disassociator (Miltenyi Biotech). Lysate was centrifuged
at 10,000 xg, and supernatant was collected, twice. Rhodamine was detected
at 590 nm using an Infinite M Nano (Tecan) plate reader.

INFARCT SIZE was determined from 30 um coronal sections taken
every 210 um and sections were stained with 0.1% thionin (Merck) to
visualize tissue death. Images of thionin-stained brains were captured using
a Canon PowerShot SX730 HS mounted above a light box and infarct
volume was measured using Image] v2.14.

EDEMA SIZE was observed by magnetic resonance imaging (MRI).
A Bruker 94T animal MRI Scanner (Bruker BioSpin GmbH) with a
Bruker 86 mm volumetric transmitter coil and a Bruker single-channel
mouse head receiver coil was used to generate T2-weighted scans of the
brain. Animals were anesthetized using 1% isoflurane prior to and for the
duration of the scan, whilst respiration rate and body temperature were
monitored throughout. The Bruker 2D T2-weighted RARE imaging
sequence was used with the following parameters: TE/TR =36 ms/
7000 ms; RARE factor=8; Field of view (FOV)=16.8x16.8 mm?
number of slices =26; slice thickness=0.5 mm; matrix= 168 x 168;
averages = 4; orientation = Axial. Images were processed using Mango
v4.1 (University of Texas).

Neurological assessment

ADHESIVE TAPE REMOVAL TEST. At experimental end points, mice
were moved from their housing cage and allowed to acclimatize in a clear
testing container (22.5cmx16cmx10.5cm) for 5min. Mice were
restrained as adhesive squares (3 mm; Implant media) were securely
adhered onto the palm region of each forepaw—a red sticker on the right
paw and green on the left. A recording device below the testing container
was used to record the behavior of the mouse, and each animal was recorded
for a maximum of 180 s to observe each adhesive being removed. All videos
were compiled, and investigators were blinded to the identity of the animal
during analysis. Investigators analyzed the time taken for the animal to
perform the initial snout-to-paw contact (adhesive detection) and complete
removal of each adhesive (adhesive removal).

WIRE HANG TEST. At experimental endpoints, mice were moved
from their housing cage and allowed to grasp a metal wire that was fixed ata
height of 40 cm above a thick layer of bedding. A maximum duration of each
trial was set at 180, and the latency time of when each mouse fell was
recorded. Mice were subject to a total of three trials with a 5-min break in
between each trial, and the final latency time was calculated as the average of
the three trials.

Peripheral myeloid cell depletion

Mice were treated with anti-Ly6C/Ly6G (RB6-8C5, #BE0075 BioXCell) or
IgG2b isotype control (LTF-2, #BE0090 BioXCell) by IP injection at 10 mg/kg.
Mice were dosed 24 h prior and 1h prior to PT stroke induction. Myeloid
depletion was confirmed by flow cytometry analysis of ammonium-chloride-
potassium (ACK)-hemolyzed blood 24 h post-stroke, compared to isotype
control. Depletion was further confirmed in whole blood using a VETSCAN
HMS5 Hematology Analyser (Zoetis; data not shown).

Brain inflammatory cytokine assessment
At 3 hand 24 h post-stroke, mice were anesthetized with ketamine/xylazine
IP, then transcardially perfused with ice-cold PBS. The brain was removed
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from the skull (cerebellum removed), separated into target tissue locations,
weighed and snap frozen. Frozen tissue was homogenized in 1 ml radio-
immunoprecipitation buffer (#89900 ThermoFisher) containing complete,
ethylenediaminetetraacetic ~acid (EDTA)-free protease inhibitor
(#04693132001 Roche) in an “M-tube” (#130-093-236 Miltenyi Biotech)
using a GentleMACS Octo Disassociator (Miltenyi Biotech). Lysate was
centrifuged at 10,000 xg, and supernatant was collected twice before storage.
Analytes were quantified using the LEGENDplex Mouse Inflammation
Panel (740446 BioLegend) in accordance with the manufacturer’s instruc-
tions. LEGENDplex beads were acquired using an LSR X Fortessa (BD
Biosciences) and analyzed using the LEGENDplex Analysis Software. Raw
analyte concentration was normalized to the pre-determined tissue weight,
and shown as pg/g.

Flow cytometry

At 3 h and 24 h post-stroke, mice were anesthetized with ketamine/xylazine
IP. Blood was collected from the inferior vena cava into an EDTA-coated
(0.5 M) 1 ml syringe and tube. Erythrocytes were lysed using ACK buffer for
10 min, before staining and analysis by flow cytometry. Then, the animal
was transcardially perfused with iced-cold PBS, and the brain was harvested
(cerebellum removed) and separated into target tissue locations. Brains were
processed using an Adult Brain Dissociation Kit (#130-107-677, Miltenyi
Biotech), modified from the manufacturer's instructions, using a “C tube”
(#130-093-237, Miltenyi Biotech) with the 37C_ABDK_01 protocol of a
GentleMACS Octo Disassociator with heaters. Upon dissociation, cells were
isolated by centrifugation using a 30%/80% Percoll gradient (Bio-Strategy)
at 1850x g for 20 min without brake, at room temperature. Cells were
collected from Percoll and washed twice with ice-cold PBS-EDTA (2 mM),
before incubation with fixable viability stain (FVS)780 (1:1,000, #565388 BD
Biosciences) for 20 min on ice. Cells were washed before blockade with PBS-
fetal calf serum (FCS; 10%) with anti-CD16/32 (1:100, #553142 BD Bios-
ciences) for 20 min on ice. Cells were then incubated with conjugated
antibodies (Supplemental Table 1) against cell surface proteins in PBS-
EDTA (2 mM) for 30 min on ice. Cells were fixed and permeabilized using a
CytoPerm Solution Kit (#555028, BD Biosciences) for 20 min on ice, before
incubation with conjugated antibodies against intracellular proteins in
permeabilization wash buffer for 30 min on ice.

Cell cytokine production was assessed by isolating cells from the brain
as described above. Isolated cells were cultured for 3h in 2 ml complete
Dulbecco’s Modified Eagle Medium (10% FCS, Penicillin-Streptomycin
100 U/ml and L-glutamine 0.5 mg/ml ThermoFisher) at 37 °C and 5% CO,
in a sterile, humidified atmosphere. Culture was performed in the presence
of GolgiPlug (containing Brefeldin A, #555029 BD Biosciences) to retain
cytokines in cells, and plates were agitated every 30 min to reduce adhesion.
Cells were then stained for flow cytometry as above.

Cell acquisition was performed using an Aurora Spectral Flow Cyt-
ometer (Cytek Biosciences), and the entire sample was acquired. Cell count
was calculated using a Colter Counter Analyzer (Beckman Coulter). Cell
and UltraComp eBeads Plus (#01-2222-42 ThermoFisher) single color
controls were used for spectral unmixing with SpectroFlo Software (Cytek
Biosciences). Flow cytometry panel design was assisted by the Cytek Cloud
software, and unmixed samples were processed using FlowJo v10.1.

Immunohistochemistry

At 3 h and 24 h post-stroke, mice were anesthetized with ketamine/xylazine
IP, then transcardially perfused with iced-cold PBS and 4% paraformalde-
hyde (PFA). Upon harvesting, brains were incubated at 4 °C overnight in 4%
PFA, and then 20% sucrose solution at 4 °C overnight, before snap freezing.
30 pm coronal sections were collected using a cryostat, and sections were
washed with Tris-buffered saline (TBS)-T (0.3% Triton-X, 0.1% Tween20),
before blockade with 1% bovine serum albumin (BSA) TBS-T for 1h at
room temperature. Sections were incubated with primary antibodies
(Supplemental Table 1, 1:100) in 1% BSA-TBS-T overnight at 4°C in a
humidity box. Sections were thrice washed in TBS-T before incubation with
fluorochrome-conjugated secondary antibodies (1:500) in 1% BSA-TBS-T

for 1 h at room temperature. Sections were washed in TBS-T before incu-
bation with DAPI (1:1,000, Sigma) in TBS-T for 10 min at room tem-
perature. Sections were thrice washed in TBS-T, and mounted using
Fluorescence Mounting Medium (#5302380-2 Dako). Tissue fluorescence
was imaged using an Olympus VS120 slide scanner with a 20x lens, using
DAPI as fine focus for automated acquisition.

Microscopy and image analysis

TISSUE TWO-PHOTON MICROSCOPY. Images of 30um thick,
immunofluorescence-stained coronal brain sections taken from
Cx3crI®"" mice were acquired using an Olympus FVMPE-RS multi-
photon microscope. Three regions of brain tissue were identified in the
same mouse in the ipsilateral (IL) tissue: the infarct core, the peri-infarct
region, and a region distal to the infarct core. One FOV was acquired of
the contralateral (CL) tissue, which was in a position mirroring the
infarct location. Images were obtained using Galvano one-way scanning
at 0.6 um Z-intervals using a 20x water-immersion objective at a reso-
lution of 512 x 512 pixels with 2-times frame averaging. Fluorescence
images of GFP-positive microglia were obtained via scanning at 950 nm,
and positive signals from Brilliant Violet 421-conjugated anti-CD49b
(platelets) and Alexa Fluor 594-conjugated anti-laminin (vasculature)
were obtained via scanning at 825 nm; both used 5% laser power. Images
were first compiled and merged using ImageJ v2.14, and then morpho-
logical analysis was performed using Imaris v10.2.0 software (Oxford
Instruments).

INTRAVITAL TWO-PHOTON MICROSCOPY. At 3 h and 24 h post-
stroke, Cx3cr1¥”" mice were anesthetized with ketamine/xylazine IP, and
their tail veins were cannulated for the addition of fluorescent antibodies or
additional anesthetic, if required. The animal was then mounted in a ste-
reotactic frame. Fur on the head was shaved, and a 1 cm incision was made
in the skin to reveal the skull. The skull was thinned over the parietal plane in
the identical region in each mouse, being the same area which had been
illuminated previously to excite the Rose Bengal, creating a 3 mm x 3 mm
square using a Microtorque dental drill (SDR Scientific), ensuring the skull
remained intact. Focus was determined using a fluorescence-enabled eye-
piece, and images were acquired using an Olympus FVMPE-RS multi-
photon microscope. Imaging location was determined by the presence of
vessel-occlusive thrombus in post-stroke mice, in the center of the thinned
square. Images were obtained using Galvano one-way scanning at 1 um
Z-intervals using a 20x water-immersion objective at a resolution of
512 x 512 pixels with no averaging. Z-intervals began imaging below the
dura, a structure which is easily distinguishable by its unique vessel shapes.
Laser power increased with Z-intervals, beginning at 12%, and reaching 40%
when imaging was 100 um into the brain. Fluorescence images of GFP-
positive microglia were obtained via scanning at 950 nm, and positive sig-
nals from Brilliant Violet 421-conjugated anti-CD49b (platelets) were
obtained via scanning at 825 nm. Images were first compiled and merged
using Image]J v2.14, and then morphological analysis was performed using
Imaris v10.2.0 software (Oxford Instruments).

RENDERING AND IMAGE ANALYSIS. Using Imaris v10.2.0,
reconstruction of microglial dendrites was performed using the Filament
Tracer tool, while reconstruction of microglial cell bodies was performed
using the Surfaces tool. Cells were manually removed and discounted from
analysis using IMARIS if the cell body extended beyond the XY plane. Cell
counts, body sphericity and volume were determined using the surfaces tool,
while measures of dendrites and dendrite branch number were determined
using the filament tracer tool: starting point 18 um; “Use surface as mar-
kers”; Seed point start 1.5 um; seed threshold automatically defined; term-
inal ends 3 pm; cylinder 1.5 um with detail 1 um.

Statistical analysis

All statistical analyses were performed using Prism 10 (GraphPad
Software Inc.). Data normality was tested using a Shapiro-Wilk
normality test and analyzed as required. Outliers were excluded using
Grubb’s test a < 0.05. All values are presented as mean + SD, unless
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otherwise stated. Statistical significance was represented by stars:
*p < 0.05 **p < 0.01 ***p < 0.001 ****p <0.0001, or “ns” for no
significance.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

Stroke induces a rapid loss of cerebral vascular integrity and
impairs motor function

The photothrombotic (PT) stroke model generates a consistent and
reproducible cerebral ischemia injury in the cortical microvasculature,
mimicking a lacunar-like infarct”. Mice were injected with photosensitive
rose bengal (Fig. 1ai) and challenged with a cold laser (ii) to induce an infarct
(iii) within the primary motor cortex (iv), but also covering the secondary
motor and primary somatosensory regions. Whilst the stroke-induced
infarct was notable at 3h (2.7 + 0.6 mm’), it developed 5-fold within 24 h
(15.2 £ 4.0 mm’) (Fig. 1b). This is associated with a loss of cerebral vascular
integrity within just 30 min of stroke induction, as demonstrated by leakage
of Evans blue and Rhodamine B dextran (70kDa) into the brain par-
enchyma (Figs. 1c and S1). This developed over the subsequent 3 h, and to a
lesser extent, from 6 h onwards due to the occlusion of microvasculature. In
parallel, brain weight increased by 10% 24 h post-stroke, as a result of the
vascular leakage and edema (Fig. 1d). This is supported by intravital MRI of
mice 24 h after stroke, identifying clearly demarcated volumes of localized
edema in the brain surrounding the predicted stroke location (Fig. le and
Video S1).

Clinically, ischemic stroke induces severe neurological deficits amongst
survivors, leaving up to 30% of patients with permanent, life-altering
disabilities”. To determine whether neurological dysfunction is observed
post-PT stroke, we performed the adhesive tape removal test, which assesses
sensorimotor deficit”’, and the wire hang test to assess muscle/motor
function™. The time taken to detect and remove an adhesive from the left
paw (CLto injury) did not differ from that on the right paw, or sham control,
indicating that sensorimotor function was not impacted 24 h after stroke
(Fig. 1f, g). In contrast, the wire hang test identified severe (73.8%)
impairment of motor function within 3h of stroke, compared to sham
controls. This impairment was maintained (81.5% impairment vs sham)
when tested 24 h post-stroke (Fig. 1h, i). These observations indicate that the
severity of brain injury induced by the PT stroke used for these experiments
is sufficient to result in significant motor dysfunction.

Inflammatory signals are detected in the brain prior to the infil-
tration of peripheral immune cells

To determine the degree of neuroinflammation in response to PT stroke
over time, we quantified inflammation-associated cytokines in perfused
brain tissue homogenates. Cytokine abundance was spatially quantified in
each cerebral hemisphere, denoted as CL tissue and stroke-impacted IL
tissue. The IL hemisphere was further dissected for to the “infarct core” and
the tissue adjacent to the infarct (peri-infarct; Fig. 2a). A panel of inflam-
matory cytokines was quantified in the infarct core, peri-infarct and CL
regions in mice at 3 or 24 h after PT stroke, and compared to sham controls
(Fig. 2b). The concentration of inflammatory cytokines interleukin (IL)-1a,
IL-1p, and tumor necrosis factor (TNF)-a were substantially increased in the
infarct core within 3 h of a stroke, which was either maintained or further
increased after 24 h, compared to controls (Fig. 2c-e). IL-6 was drastically
increased in the infarct core by 24 h, but was not significantly different from
sham controls within 3 h of stroke (Fig. 2f). Notably, minimal concentra-
tions of cytokines were detected in peri-infarct tissue at 3 h or 24 h (Fig. S2a,
b), suggesting the inflammation induced by the PT stroke does not penetrate
the striatum. Granulocyte-colony stimulating factor and transforming
growth factor-p1 were expressed at minimal levels in the infarct core after
24 h compared to controls, and interferon (IFN)-y, IL-12p70, IL-23, gran-
ulocyte macrophage-CSF, IFN-B, IL-27, and M-CSF did not change

significantly in the infarct core in response to stroke at 3h or 24h
(Fig. S2c-k). IL-10, IL-17A, IL-18, VEGF, and CD40L were below the
threshold of detection in all tissues, in all conditions (data not shown).

The cellular origins of the cytokines produced in the brain during
the hyperacute (3 h) post-stroke phase are unclear. Although it has been
proposed that circulating neutrophils releases cytokines to drive neu-
roinflammation after stroke, the earliest detection of infiltrating neu-
trophils in the brain was at 24 h following stroke onset'’"**. Thus, they
are unlikely to be a major producer of inflammatory cytokines in the
brain at these early time points. To address this, perfused brains were
digested and analyzed by spectral flow cytometry. A gating strategy was
used to identify viable neutrophils (CD45"CD11b"Ly6G"), monocytes
(CD45"CD11b"Ly6G Ly6C"F4/80"), monocyte-derived macrophages
(mono-macs; CD45™CD11b'Ly6G Ly6C'F4/80™) and microglia
(CD45™/CD11b"Ly6G Ly6C F4/80") in the brain (Fig. 2g). Whilst we
observed a small increase in neutrophil numbers in the IL tissue at 3 h
post-stroke compared to CL or sham controls; this was negligible when
compared to the 10-fold increase at 24 h post-injury (Fig. 2h). This is
mirrored when assessing the stroke-induced brain infiltration of
monocytes and mono-macs, both of which mildly increased at 3 h, but
increased 5- and 8-fold after 24 h, respectively (Fig. 2i, j). The number of
brain-resident macrophage cells, microglia, was unchanged in response
to stroke (Fig. 2k), in agreeance with other pre-clinical stroke models'".
The extravasation of immune cells was observed using the Catchup'™™
(neutrophil reporter; red) mouse, whereby neutrophils were observed at
very low levels in infarcted tissue 3 h post-stroke, but both within the
infarct core and in the peri-infarct region 24h post-stroke
(Figs. 21 and S3a). Neutrophils were not observed in the CL tissue of
post-stroke mice, nor in either hemisphere of the sham control (Fig. S3b,
c). A limited number of lymphocytes (B cells CD45"CD11b CD19%; T
cells CD45"CD11b~CD3") were identified in the brain at 3h and 24 h
post-stroke (Fig. S4a—e). These observations demonstrate that the arrival
of peripheral immune infiltration occurs >3 h post-stroke, after the
detection of inflammatory signals.

Manipulation of peripheral immune cells does not improve acute
stroke outcome

To further investigate if brain-infiltrating peripheral myeloid cells mediate
neuroinflammation after stroke, we depleted this population using anti-
Ly6C/Ly6G (anti-Gr-1). This strategy successfully depleted peripheral
blood neutrophils by 99.9% and monocytes by 79.1% compared to mice
treated with IgG2b isotype control (Fig. 3a—c). Depletion was further con-
firmed using a hematology analyzer (data not shown). We then examined
the effect of this intervention on stroke-induced inflammation-associated
cytokines 24 h post-stroke. Mirroring previous observations, the con-
centration of IL-1a, IL-1B, IL-6, and TNF-a was increased in the infarct core,
compared to CL tissue from the same mouse. However, there was no dif-
ference in inflammatory profile between peripheral myeloid-competent and
-depleted mice (Figs. 3d and S5a-1). Moreover, there was no improvement
in motor function in peripheral myeloid-depleted mice, compared to
competent controls (Fig. 3e). These findings demonstrate that removal of
peripheral myeloid cells does not modify stroke outcome in this experi-
mental setting.

Depleting myeloid cells by anti-Ly6C/Ly6G did not allow distinction
between the effects of neutrophils and monocytes/monocyte-derived mac-
rophages. This is critical in that mono-mac subpopulations have been
shown to be both host-protective and damaging during neuroinflammatory
events™”, although little is known regarding their phenotype and function in
response to ischemic stroke. Therefore, we next assessed the expression of
activation markers on mono-macs in the brains of wild-type mice by flow
cytometry at intervals after PT stroke. At 3h after stroke, the activation
markers on brain mono-macs were comparable to sham control, however,
this was drastically altered by 24 h, as a result of the abundant infiltration of
mono-macs. Relative to sham controls, 24 h post-stroke brains were enri-
ched for mono-macs expressing CD80, CD86, MHC-1I, Arginase-1, and
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Fig. 1 | Photothrombotic stroke impairs cerebral vascular integrity and motor
function. a Methodology to induce a photothrombotic (PT) stroke, (i) intraper-
itoneal injection of rose bengal (20 mg/kg), before (ii) 15 min excitation by a 532 nm
cold laser, (iii) causing a sizeable, reproducible infarct above the (iv) primary motor
cortex (outlined red), shown by Nissl stain (left) and anatomical annotations (right)
from the Allen Mouse Brain Atlas [mouse.brain-map.org]. Image created with
BioRender.com. b Representative image of thionin-stained 30 pum brain sections at 3
and 24 h post-PT stroke, and quantification of stroke infarct volume from stacked
sections (sham n=7,3h n="7,24h n =6). c. Representative images of 2 mm brain
sections at intervals post-PT stroke, after intravenous injection of Evans blue (EB),
and quantification of coverage (volume of EB-positive tissue; Sham n = 1/timepoint,

T T T T T T
Left Right Left Right Sham Stroke

Sham Stroke

PT n = 3/timepoint). d Weight of brains (minus cerebellum) at intervals post-stroke
(n=9-10). e A representative magnetic resonance imaging scan taken 24 h post-PT
stroke in a live, isoflurane-anesthetized mouse. Red arrow indicates the area of
edema (n = 4). Mice were assessed for sensory and motor function at 3 and 24 h post-
PT stroke or sham control. Time taken to f detect or g remove an adhesive from the
left and right paw was measured (sham n =7, PT n =9). Time mice were able to
remain on a suspended wire at h 3 h and i 24 h post-stroke (n = 10). Graphs are
presented as mean + SD. A one-way ANOVA or Kruskal-Wallis test was performed
for analysis of multiple groups, and a Mann-Whitney test was performed on the wire
hangtest. *p < 0.05,**p < 0.01,***p < 0.001, ****p < 0.0001, ns no significance.

EGR2, while expression of CD206 and iNOS was reduced in post-stroke
mono-macs (Fig. 4a-g). Notably, these markers are characteristic of mono-
macs of both inflammatory and inflammation-resolving phenotypes. Indeed,
Argl"CD80"MHC-II" macrophages have previously been described in
response to traumatic brain injury™, although their function is unknown.
To investigate if the recruitment of mono-mac populations into the
brain mediates post-stroke neuroinflammation, we utilized the Ccr2?#'®

(Ccr2™") mouse, which does not express functional CCR2 (Fig. 4h),
allowing for the investigation of the contribution CCR2-expressing
monocytes to neuroinflammation”. Peripheral immune cell populations
were unaltered in Ccr2™'~ mice compared to wild-type controls (Fig. S6a-d).
Similarly, microglia count in the brain was unaltered in Ccr2™~ mice
compared to controls after stroke (Fig. 4i). Consistent with previous
observations, CCR2-competent mice displayed significant elevation of
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neutrophils (Fig. 4j), monocytes (Fig. 4k) and mono-macs (Fig. 41) in the IL
hemisphere of post-stroke brain at 24 h. In contrast, stroke-induced infil-
tration of these myeloid subsets was absent in Ccr2™~ mice (Fig. 4i-1).
Perfused brain homogenate from Ccr2 ™~ and wild type mice was compared
24 h post-stroke, and no difference in inflammatory cytokine profile was

observed (Figs. 4m and S7a-1). Moreover, Ccr2”” mice displayed no
improvement in motor function compared to wild-type controls (Fig. 4n).
Taken together, these data suggest that neutrophils and mono-macs do not
contribute to neuroinflammation or neurological deficits in the first 24 h
following experimental PT stroke.
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Fig. 2 | Inflammatory cytokines in brain tissue are detected before the arrival of
peripheral immune cells. a Diagram outlining the regions of the brain, relative to
infarct location: contralateral (CL), ipsilateral (IL), peri-infarct tissue and core-
infarct tissue. Image created with BioRender.com. b-f Mice were subjected to
photothrombotic (PT) stroke for 3 or 24 h, and perfused brains were homogenized,
and supernatant was analyzed using a LEGENDplex cytokine panel. b Analytes
taken from infarct core homogenates were measured for cytokines and presented as
log, fold-change over sham control. Concentration (pg/g of brain tissue) of ¢ IL-1a
dIL-1B, e TNF-a and fIL-6 in regions of the brain at 3 and 24 h post-stroke is shown
(shamn =10,3hPT »n=9,24 hPT n = 10). g-1. Mice were subjected to PT Stroke for
3 or 24 h, perfused brains were dissociated, and cells were stained for analysis by
spectral flow cytometry. g Gating strategy of single, viable cells (see also Fig. S2) to

identify neutrophils, monocytes/monocyte-derived macrophages and microglia.
Total count of h neutrophils (CD45"CD11b*Ly6G"), i monocytes
(CD45"CD11b"Ly6GF4/80"Ly6C"), j monocyte-derived macrophages
(CD45"CD11bLy6G F4/80™‘Ly6C") and k microglia (CD45™'CD11b'Ly6G F4/
801“Ly6C’) in contralateral (CL) or ipsilateral (IL) regions of the brain (Sham n =4,
PT n =6). | Representative fluorescent image of a 30 um section of a Catchup'™"
(neutrophil reporter; red) perfused mouse brain at 24 h post-stroke, with DAPI
(blue) and anti-GPIbp (platelets; cyan), imaged using an Olympus VS120 slide
scanner. Arrows point to extravasated neutrophils, and the dotted line indicates the
infarct core region (1 = 3). Graphs are presented as mean + SD. A one-way ANOVA
was performed for the analysis of multiple groups. *p < 0.05, **p < 0.01,

KD < 0.001, ¥*¥**p < 0.0001, ns no significance.

Microglia rapidly respond to stroke through morphological
rearrangement

Our results indicate that infiltrating myeloid cells are not the contributors of
inflammatory cytokines in post-stroke brain at hyperacute stages following
injury. This raised the possibility that microglia, the brain-resident myeloid
immune cell, was contributing to the neuroinflammation observed at this
time point. Therefore, we examined the phenotype and function of
microglia at 3 and 24 h post-stroke. In Initial assessments of phenotype by
flow cytometry, microglia in the IL of post-stroke brains displayed minimal
changes in classical pro-inflammatory (CD80, CD86, MHC-II, iNOS) or
resolving (CD206, Argl, EGR2) markers, as compared to sham or CL
control (Fig. S8a-g). We next used Cx3crI¢”* mice to analyze microglia
morphology in coronal sections of post-stroke brain, stained with endo-
thelial (anti-laminin; red) and platelet (GPIbB; cyan) markers (Fig. S9a, b).
Microglia in CL tissue have small, spherical cell bodies with numerous
dendrites and as many as 8 branch levels (complexities). In the IL stroke-
affected tissue, this was found to be altered within just 3 h of ischemic injury,
when the number of microglial cells in the infarct core was significantly
reduced (61.2% +4.2) compared to CL counterparts. Additionally, the
microglia in IL had elevated cell body volume, whilst their dendrite number
and complexity were reduced compared to CL controls (Fig. 5a—f). These
stroke-induced changes in microglia morphology were exacerbated at 24 h
post-stroke, at which we also observed microglia morphological changes in
peri-infarct regions (Fig. 5g-k). Furthermore, of the microglia that remained
in the infarct core at 24 h following stroke onset, there was a marked
reduction in their dendrite complexity (Fig. 51). Importantly, microglia were
morphologically indifferent across these same regions in sham control mice
(Fig. S10a-f). Interestingly, microglia in the infarct core and peri-infarct
regions appear to be co-localized with thrombus-rich (GPIBp, cyan) vas-
culature (Laminin, red) at hyperacute and acute timepoints. We next used
two-photon intravital microscopy to investigate microglia morphology
in vivo at 3 and 24 h post-stroke. The brains of Cx3cr1%"* mice were imaged
through a thinned skull over the stroke infarct location. Similar to histolo-
gical imaging, microglia were found to have notably reduced dendrites and
larger cell bodies within 3 h of stroke, with large blebbed cell bodies com-
pared to naive control (Fig. 6a, b, and Video S2). Moreover, at 24 h post-
stroke, microglia dendrites were almost completely ablated (Fig. 6¢). These
observations demonstrate that microglial cells display severely altered
morphology in the post-stroke brain.

Microglia and neurons are responsible for inflammatory cytokine
production in the hyperacute response to stroke

Given that we have demonstrated peripheral myeloid cells play a mini-
mal role in the production of inflammatory cytokines at hyperacute
stages of stroke, but at the same time we detected dramatic changes in
microglial morphology, we next examined if brain-resident cells are
critical players for initiating post-stroke neuroinflammation. To do this,
we isolated and assessed the inflammatory cytokine production of brain-
resident populations at 3h after PT stroke, including microglia
(CD45™ICX3CR1"), astrocytes (CD45°CX3CR1I'GLAST-1"), endothe-
lial cells (CD45"°CX3CR1°CD31"), pericytes (CD45°CX3CR1 PDGFRB")
and neurons (CD45°CX3CR1'NeuN™) (Fig. 7a), which accounted for

>85% of cells in the brain. We were particularly interested in which cell
types were accountable for the stroke-induced production of IL-1a, IL-
1B, IL-6, and TNF-a at 3 h post-stroke (Fig. 2b-f). We found astrocytes,
endothelial cells, and pericytes had negligible alterations in production of
these cytokines in the core tissue, compared to CL control (Fig. S11a-1).
Interestingly, neurons displayed a mild inflammatory profile in the core
tissue, compared to CL control, as shown by increases in production of
IL-1B (34% increase), IL-6 (20% increase), and TNF-a (31% increase)
following stroke (Fig. 7b—e). However, microglia markedly upregulated
production of IL-1B (50% increase), IL-6 (44% increase) and TNF-a
(30% increase) (Fig. 7f-i). IL-1a expression was reduced in both neurons
(46%) and microglia (60%) in core tissue compared to CL control
(Fig. 7d, h). This was not surprising, as IL-la is a canonical alarmin
which is pre-stored and released in response to trauma. Thus, IL-1a was
likely released in situ in the brain, prior to cell culture’”. Together with
the knowledge that peripheral immune cells are mostly absent at 3 h
post-stroke, these findings indicate that microglia are the most notable
source of inflammatory cytokines IL-1f, IL-6 and TNF-a in the hyper-
acute post-stroke brain. Given these findings, we conclude that microglia
are critical in the instigation of the neuroinflammatory response to
ischemic stroke.

Discussion
Infarcted tissue in the brain post-stroke is irreparable. However, the
ischemic tissue surrounding the infarct core, the penumbra, can be salvaged
if stroke-driven neuroinflammation is sufficiently controlled. Based on the
results of pre-clinical studies, it was believed that brain-infiltrating periph-
eral immune cells were major contributors to neuroinflammation after
stroke. However, clinical trials of interventions aimed at blocking myeloid
cell infiltration into the brain failed to improve patient outcomes, and even
worsened symptoms in some patients'*”. In this study, we demonstrate
that peripheral myeloid leukocytes do not contribute to the development of
a neuroinflammatory response during the hyperacute stage of ischemic
stroke. This is supported by our observation that inflammatory cytokines
are present in the brain in abundance 3 h following stroke onset, notably
before the arrival of significant numbers of infiltrating myeloid cells, and
depletion of these cells fails to modify stroke outcomes over the subsequent
24 h. These observations provide evidence why therapeutically targeting
these infiltrating leukocytes is likely to have minimal protective effects in
patients. In contrast, at this post-stroke timepoint, microglia show evidence
of activation and produce inflammatory cytokines in and around the stroke-
affected tissue in a spatially discriminated manner. Consistent with the
literature, neurons also participate in the development of
neuroinflammation”, although to a lesser extent. In light of this, our find-
ings provide evidence that microglia-initiated neuroinflammation is an
important contributor to brain injury and neurological deficits post-stroke.
There is a growing body of evidence to suggest the function of microglia
during inflammation is determined by the cause, location and timing of
injury. During infection-driven neuroinflammation, microglia have host-
protective functions in pathogen phagocytosis, astrocyte activation and
peripheral immune cell recruitment™*"*. However, during sterile injury
such as traumatic brain injury or stroke, the function of microglia is
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Fig. 3 | Neutrophils are redundant in the development of neuroinflammation.
a-e Peripheral myeloid cells were depleted by the intraperitoneal injection of anti-
Ly6C/Ly6G antibody (10 ug/g) on day -1 and day 0 of photothrombotic (PT) stroke
induction. Myeloid-competent mice received an equivalent dose of IgG2b (IgG)
control. a Gating strategy used for flow cytometry analyses of red blood cell-lysed
blood to confirm myeloid cell depletion. Blood immune populations were further
analyzed for b neutrophils (CD45"CD11b"Ly6G") and ¢ monocytes

(CD45™CD11b"Ly6G Ly6C"). d Perfused brains were homogenized, and tissue
supernatant was analyzed using a LEGENDplex inflammatory cytokine panel.
Analytes taken from infarct core homogenates were measured for cytokines and
presented as log, fold-change over contralateral (CL) control (IgG n = 6, Ly6C/G
n =8). e Time taken for mice to fall from a suspended wire. Graphs are presented as
mean + SD. An unpaired ¢ test was used when comparing 2 groups. *p < 0.05,
*p < 0.01, ***p < 0.001, ****p < 0.0001, ns no significance.

controversial. The role of microglia in ischemic stroke has been investigated
in experimental stroke models, which target different brain regions and
cause brain injury of diverse severity. The permanent middle cerebral artery
occlusion (MCAO) model of stroke causes a large infarct (=60 mm®) in the
brain striatum®, while the PT model induces a smaller infarct (=15 mm?®) in
the brain parenchyma. Depletion of microglia pre-MCAO model increases
infarct size, indicating microglia are crucial for post-stroke
neuroprotection”***. However, in the PT model, infarct size was reduced
in the absence of microglia”. The latter finding is in agreeance with data in
the present study, which demonstrates microglia as a major source of
inflammatory cytokines, and drivers of hyperacute neuroinflammation. In
line with these data, it is logical to surmise that the net effect of microglia in

the PT model is exacerbation of brain injury. In contrast, it is likely that the
severity of the damage caused by the MCAO model potentially disables the
ability of microglia to respond to the stimuli expressed in the ischemic brain.
Instead, we speculate that microglia uptake MCAO-driven damage-asso-
ciated molecular patterns (DAMPs) to protect neurons, and then undergo
apoptosis, limiting an exaggerated inflammatory response. Which of these
two mechanisms translates to ischemic stroke in humans is unclear, but as
with mice, this is likely dependent on the location, severity and longevity of
ischemia.

Our data indicate that microglia undergo early activation in the
hyperacute phase of ischemic stroke, as evidenced by significant morpho-
logical remodeling and increased cytokine secretion. Interestingly, these
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Fig. 4 | Monocyte recruitment to the brain is not required to mount an inflam-
matory response. a-g Mice were subjected to photothrombotic (PT) stroke or sham
control for 3 or 24 h, perfused brains were dissociated, and cells were stained for
analysis by spectral flow cytometry. Single, viable cells (also see Fig. S2) were used to
identify monocyte-derived macrophages (mono-mac; CD45"CD11b"Ly6G F4/
80™“Ly6C™). Mean fluorescence intensity of a CD206, b CD80 ¢ CD86, d MHC-1I,
e Argl, f EGR2 and g iNOS are displayed as fold-change versus sham control of the
same region (IL—Ipsilateral, CL—contralateral; sham n = 4, PT n = 6). h-n C57BL/6
(WT—wild type) or Ccr2#® (Ccr2'~) mice were subjected to a PT stroke 24 h.

h Deficiency of functional mouse CCR2 in Ccr2”" mice. Image created with
BioRender.com. Perfused brains were dissociated, and cell populations were

Fold-change vs CL (log,)

analyzed by flow cytometry for i microglia (CD45™“CD11b*Ly6G F4/80"Ly6C"),
j neutrophils (CD45"CD11b"Ly6G "), k monocytes (CD45"CD11b*Ly6G F4/
80°Ly6C") and 1 monocyte-derived macrophages (CD45"CD11b"Ly6G F4/
80™“Ly6C"). m Perfused brains were homogenized, and the supernatant was ana-
lyzed using a LEGENDplex cytokine panel. Analytes taken from infarct core
homogenate were assessed and compared to contralateral (CL) tissue, presented as
log, fold-change (C57BL/6 n = 6, ccr2™'~ n = 8). n Time mice were able to remain on
a suspended wire. Dotted line represents mean sham hang time (n = 6). A one-way
ANOVA was used for analysis of multiple groups, and a Mann-Whitney test was

performed when analyzing the wire hang test. *p < 0.05, **p < 0.01, ***p < 0.001,

*okokok

p < 0.0001, ns no significance.
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Fig. 5 | Rapid morphological response of microglia to photothrombotic stroke.
Cx3cr1¥"* mice were subjected to a photothrombotic (PT) stroke for a—f 3 or g-1
24 h. Brain sections (30 um) were immunofluorescently stained with anti-GPIbp
(platelets; cyan) and anti-laminin (vasculature; red) to complement the microglia
green fluorescent protein (GFP)-reporter (green) and Z-stack images (0.5 pm
intervals) were acquired using an Olympus FVMPE-RS two-photon microscope.
a, g Representative images were taken at regions across the brain, relative to stroke

location. Raw Z-compressed images were 3-D rendered (using IMARIS v10) for
morphological analysis. CX3CR1" microglia were assessed for b, h count per field of
view (FOV), ¢, i cell body volume, d, j cell body sphericity, e, k dendrites per cell and
f, 1 dendrite complexity (n = 5 mice; individual cells are plotted for volume and
sphericity [=n = 500/region]). A repeated measures one-way ANOVA was used for
analysis of multiple groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
ns no significance.

functional and structural changes occur in the absence of significant
alterations in microglial number or in the expression of classical activation
markers, such as CD80, MHC-II, or CD206. This apparent discrepancy
underscores the limitations of binary M1/M2 classification schemes™,
particularly at very early timepoints. Previous studies have demonstrated
that morphological and secretory changes can precede transcriptional shifts
or surface marker upregulation**””. Our findings suggest that during the
hyperacute window, microglia may adopt a transitional activation state that
is not well captured by canonical marker panels, highlighting the need for
more temporally resolved and functionally nuanced definitions of micro-
glial activation.

The BBB is integral to maintaining brain homeostasis and blocking
DAMP-brain crosstalk. A loss of BBB integrity is observed in response to

stroke, both clinically and in pre-clinical models*~*’. Whilst microglia form

part of the neurovascular unit™', microglia do not contribute to BBB integrity
in homeostatic conditions®’, nor does their depletion worsen BBB leakage
during ischemic stroke®. However, the abundant and uniform distribution
of microglia across the brain perfectly positions them to robustly respond to
BBB breakdown. The release and/or extravasation of DAMPs, including
S100A8, hemin, HMGBI, and fibrinogen during stroke is detrimental to
tissue survival™ . Consistent with this, microglia express an abundance of
receptors for DAMPs on their cell membranes, including purine receptors,
“receptor for advanced glycation end products”, Mac-1 (CD11b/CD18),
toll-like receptors. We demonstrated a loss of vascular integrity within
30 min of PT stroke onset, which facilitates the extravasation of circulating
DAMPs to exacerbate neuroinflammation. The impact of blood-DAMPs on
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Fig. 6 | Microglia retain their integrity hyperacutely post-stroke, with prompt
decline during neuroinflammation development. Cx3cr1%"* mice were intrave-
nously administered with anti-CD49d-BV421 (platelets; cyan) to complement
microglia-gfp (green) and were either a naive control or subjected to photo-
thrombotic (PT) stroke for b 3 or ¢ 24 h. The skulls of anesthetized mice were

thinned over the parietal plane, and brains were imaged using a two-photon
microscope. 100 um of brain was imaged with 1 um Z-stack steps. Images shown
display (left) 10 um of Z-compressed images and (right) 100 um of 3-D rendered
images using IMARIS v10. Images are representative of 3 mice/condition.

microglia has been extensively researched in the context of neurodegen-
erative disease, where the generation/extravasation of fibrin has been shown
to promote microglia clustering and axonal damage™”*". In contrast, little is
known regarding the role of fibrin in hyperacute neuroinflammation.
Blocking fibrin generation in patients after stroke improved neurological
function, although it is unclear whether this benefit is microglia-
dependent™. The two-hit of ischemia (tissue hypoxia) and the resultant
DAMP generation and extravasation are detrimental to microglia, and the
current reperfusion strategy only targets ischemia. Targeting the brain-

vascular-immune interface may be the best strategy to dampen
neuroinflammation®, subsequently salvaging the penumbra, and improv-
ing patient prognosis after stroke.

In this study, we have demonstrated that neutrophils nor CCR2-
expressing monocytes are required for the development of hyperacute
neuroinflammation following ischemic stroke. This is in agreeance with the
previous negative clinical trials that tested interventions aimed at inhibiting
leukocyte recruitment into the brain'**’. The hyperacute abundance of
inflammatory cytokines observed in the present study, notably before the
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Fig. 7 | Photothrombotic stroke promotes microglia and neuron inflammatory
cytokine production to drive neuroinflammation. Cx3crI¥"" mice were subjected
to photothrombotic (PT) stroke for 3 h, perfused brains were dissociated, and brain
cells were cultured in the presence of GolgiPlug for 3 h, before staining for analysis by
spectral flow cytometry. a Single, viable cells (strategy shown in Fig. S2) were used to
identify microglia (CD45™/CX3CR1"), astrocytes (CD45°GLAST-1"), endothelial cells
(CD45°GLAST-1"CD31"), pericytes (CD45°GLAST-1"PDGFRB") and neurons

(CD45°GLAST-1"NeuN™). Neurons isolated from contralateral (CL), ipsilateral (IL)
and core brain regions were assessed for the expression of b IL-6, ¢ TNF-q, d IL-1a,
and e IL-1P (n = 6). Microglia isolated from CL, IL and core brain regions were
assessed for the expression of f IL-6, g TNF-a, h IL-1a, and i IL-1P (1 = 6). Data is
presented as fold-change in median fluorescence intensity (MFI) versus the CL tissue.
A repeated measures one-way ANOVA was used for analysis of multiple groups.

*p < 0.05, ¥*p < 0.01, ¥**p < 0.001, ****p < 0.0001, ns no significance.
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acute infiltration of peripheral immune cells, demonstrates that this
recruitment is a consequence, rather than an initiator of neuroinflamma-
tion. We are yet to study the function of brain-infiltrating immune cells
beyond 24 h in the PT model. However, learnings from other experimental
models of stroke indicate that peripheral myeloid cells have neuro-
protective function in the later stages of the response, via promotion of the
resolution of neuroinflammation. It was demonstrated that neutrophils
extravasate and interact with microglia in the cerebral infarct and sur-
rounding tissue®**. Microglia actively phagocytose both live and dead
extravasated neutrophils in the stroke infarct core”*, subsequently pro-
moting the resolution of inflammation. It is unclear whether the resultant
resolution of inflammation is a result of the neutrophil clearance or if
microglia need to phagocytose neutrophils to re-polarize and return to their
homeostatic, pro-resolving state. The interplay between microglia and
neutrophils, and their potential resolving function, may explain why tar-
geting the infiltration of peripheral immune cells into the brain failed to
benefit patients after stroke.

We acknowledge the limitations of this study. Elucidation of
microglia function is complicated by caveats regarding the techniques for
their depletion. Microglia greatly depend on the signaling of colony-
stimulating factor-1 receptor (CSF-1R) for development and survival.
Thus, these cells can be pharmacologically depleted from the brain using
CSF-1R inhibitors®. Variants of the CSF-1R inhibitor, PLX, are used
across the field, which have a range of microglia-depleting efficiency.
However, the shared properties of microglia with CSF-1R-expressing
peripheral immune cells and other tissue-resident macrophages mean
that any depletion strategies would have the undesired effect of also
removing these subsets, meaning that any result observed from this
intervention cannot be definitively ascribed to microglia”**. Adding to
this complexity, single-cell RNA-seq studies have identified as many as
16 distinct clusters of microglial cells following experimental ischemic
stroke®. Our study has provided evidence that microglia are dominant
producers of inflammatory cytokines in the hyperacute phase following
ischemic stroke. We used an ex vivo culture approach to quantify the
production of cytokines, but have not discriminated for microglia sub-
type contribution. Furthermore, astrocytes have been shown to rapidly
respond to ischemia, notably through reactive gliosis (and later glial scar
formation)”, which was not assessed with our experimental design.
Future studies implementing a single cell “omics” approach will delineate
heterogeneous cell populations and further characterize the roles glial
cells play in the early response to ischemia. Evidently, there is a need for
new techniques for specific depletion of microglia for experimental study,
as a means to better understand their function. Furthermore, we accept
that expression of CX3CRI is not limited to microglia, and is known to
be presented on a sub-population of non-classical monocytes and
monocyte-derived macrophages. However, these cell types are not
common in the brain at the acute timepoints here chosen following
stroke onset, and the Cx3crI¥”* mouse is a well-accepted tool for
microglia morphological and functional analysis in the community™.

A recent perspective by Paolicelli et al. has defined numerous sub-
populations of microglia, including disease-associated, IFN-responsive,
glioma-associated, lipid droplet-accumulating and proliferation-region-
associated™, with many of the recent discoveries made through the inno-
vative use of brain intravital microscopy coupled with “omics” analysis’".
Here, our study demonstrates that microglia spatially located adjacent to the
infarct core robustly modify their morphology and are key producers of
inflammatory cytokines, with the potential to drive the development of
neuroinflammation. Experimentally targeting microglia to limit neuroin-
flammation, such as blocking purinergic signaling or inflammasome acti-
vation, has had preclinical success. However, therapeutically modulating
microglia inflammatory activity, without impacting immune cells globally,
remains a key translational challenge. Emerging techniques such as targeted
nanoparticles”’, coupled with receptor-targeted peptides, may allow for
more precise and successful intervention in the future.

Data availability

All raw data are available in supplemental information. Any data that
support the findings of this study which are not shown here are available
from the corresponding author upon reasonable request.
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